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Zusammenfassung 
 
Nanoporöses Gold (npAu) hat viele Anwendungsmöglichkeiten – insbesondere in 
der heterogenen Katalyse. Als Katalysator weist npAu schon hohe Reaktivität bei 
niedrigen Temperaturen (ab 20°C) auf. Allerdings wird die praktische Anwendung 
durch Vergröberung seiner 3D-Struktur bei hohen Temperaturen (> 100°C) stark 
eingeschränkt, da dies zum Verlust der katalytisch aktiven Oberfläche führt. Zur 
Lösung dieses Problems wurde in dieser Arbeit ein Nasseimprägnierungsverfahren 
und ein Sol-Gel-Verfahren zur Beschichtung von dispergierten Oxid-Nanopartikeln 
auf npAu entwickelt. Neben der drastischen Verbesserung der thermischen Stabilität 
und der mechanischen Eigenschaften von npAu eröffnete die Funktionalisierung eine 
Reihe neuer Anwendungen, wie z.B. Wasser-Gas-Shift-Reaktion (WGSR) und die 
Dampfreformierung von Methanol (SRM). Im Mittelpunkt dieser Arbeit steht die 
Untersuchung der Wirkung von Oxidzugabe auf npAu im Hinblick auf die chemische 
Reaktivität des Systems, um die Ursprünge der katalytischen Aktivität von 
oxid-funktionalisierten npAu zu verstehen. 
Ein inverser Ceroxid/npAu-Katalysator (CeOx/npAu) wurde zuerst durch eine 
Naßimprägnierung mit anschließender thermischer Zersetzung von einer 
Cernitratverbindung auf einem npAu-Substrat mit Ceroxidbeladungen von etwa 3 bis 
10 Atom-% hergestellt. Durch die Anwesenheit von CeOx konnte die 3D-Struktur von 
npAu thermisch stabilisiert werden. Danach wurden TiO2-CeO2-Mischoxide im 
npAu-Netzwerk unter Verwendung eines Sol-Gel-Verfahrens untersucht, um die 
katalytische Aktivität des npAu-basierten inversen Katalysators weiter zu verbessern. 
Die strukturelle TEM-Charakterisierung der Proben zeigte, dass die Stege der 
nanoporösen Struktur reichlich mit kleinen Oxidagglomeraten (1 – 2 nm groß) 
bedeckt sind. Diese Materialien wiesen genauso wie die CeOx/npAu Katalysatoren 
eine ausgezeichnete Stabilität und Reproduzierbarkeit bis zu Temperaturen von über 
500°C auf. 
Raman-Spektroskopie wurde verwendet, um Interaktionen von verschiedenen 
  
 
Gasen (O2, H2O, CO) mit dem oxid-funktionalisierten npAu zu verstehen. Die 
Charakterisierung der Kristallinität und des Verhaltens von Sauerstoffleerstellen in 
den Oxiddeponaten im npAu unter verschiedenen Gasbedingungen (O2, H2O, CO) 
zeigte, dass eine dynamische Korrelation zwischen der Kristallstruktur 
(Sauerstoffspeicherung) der Metalloxide und den oxidierenden und reduzierenden 
Bedingungen besteht, was auch bedeutet, dass die Oxidzugaben die chemische 
Reaktivität des Systems wirksam verbessern könnten. 
Untersuchungen zur Wassergas-Shift-Reaktion an CeOx/npAu zeigte die Bildung 
von CO2 bei Temperaturen von nur 135°C. Der Aktivitätsverlust betrug nur etwa 10% 
nach ca. 15 h katalytischer Anwendung bei 535°C. Die 
photoelektronenspektroskopische Charakterisierung des Materials zeigte, dass ein 
Defekt von (Ce3+) eine Schlüsselrolle bei der Dissoziation von H2O spielt. Durch den 
Vergleich der katalytischen Aktivitäten verschiedener Katalysatoren wurde festgestellt, 
dass die Ce1Ti2Ox/npAu-Probe die höchste Aktivität zeigte, die fast doppelt so hoch 
war wie die Aktivität aller anderen Proben bei 300 °C. Dies kann mit der hohen 
Dissoziationsfähigkeit des Katalysators für Wasser erklärt werden. 
Zusätzlich zu WGS wurde ein weiterer wichtiger Wasserstoffproduktionsprozess 
untersucht: die Dampfreformierung von Methanol (SRM). Die 
Durchflussreaktor-Studie zeigte, dass sowohl CeOx/npAu als auch Ce1Ti2Ox/npAu 
eine hohe Aktivität und Selektivität für die Reformierungsreaktion aufweisen. 
Um die katalytischen Eigenschaften von oxid-funktionalisiertem npAu hinsichtlich 
der WGS und SRM mechanistisch zu verstehen, wurden 
Photoelektronenspektroskopie und diffuse Reflexions-Infrarot-Spektroskopie (DRIFT) 
verwendet. Die Untersuchungen zeigen, dass die Aktivierung von Wasser und die 
Bildung von OHads der Schlüssel zur Aktivität / Selektivität der Katalysatoren sind. 
 
 
 
  
 
 
Abstract 
 
Nanoporous gold (npAu) has shown potential for applications in many fields, in 
particular for heterogeneous catalysis. Much progress has been made in utilizing the 
high reactivity of npAu catalysts for selective oxidation reactions at low temperatures. 
However, its tendency to coarsen at high temperatures severely limits the practical 
applications of npAu, as it results in the loss of catalytically active surface. To solve 
this problem, we explored a wetness impregenation method and a sol–gel method in 
order to deposit dispersed oxide nanoparticles on npAu. In addition to drastically 
improving the thermal stability and mechanical properties of npAu, the 
functionalization opens up a range of new and beforehand unseen applications, for 
example, for hydrogen production reactions, such as the water gas shift reaction 
(WGSR) and steam reforming of methanol (SRM). The focus of the present work was 
to investigate the effect of adding oxide deposites on npAu and to understand the 
origins of the catalytic activity of these systems. 
An inverse ceria/npAu catalysts was first prepared by wet impregnation and 
thermal decomposition of a cerium nitrate precursor on a npAu substrate. The ceria 
loadings were about 3 to 10 atom %. The presence of ceria oxide on the nanosized 
gold ligaments play a key role in helping to increase the thermal stability of the 
material. Subsequently, a series of TiO2-CeO2 mixed oxides was synthesized inside 
the npAu network using a sol–gel method in order to further improve the catalytic 
activity of the npAu-based inverse catalyst. The structural characterization of the 
samples with TEM indicated that the gold ligaments were abundantly covered by 
small oxide agglomerates with sizes of about 1–2 nm. These materials exhibited 
similar properties as compared to ceria functionalized npAu, i.e. showed excellent 
stability and reproducibility up to temperatures of over 500°C. 
Raman spectroscopy has been used to study interactions of different gases (O2, H2O, 
CO) with the oxide functionalized npAu samples. The characterization of the 
  
 
crystallinity and the behavior of oxygen vacancies in the npAu supported metal oxides 
under different gases conditions (O2, H2O, CO) indicated that there is a dynamic 
correlation between the crystallization (oxygen storage) of the metal-oxides and the 
oxidizing and reducing conditions, which also implies that the addition of oxide 
deposits can effectively improve the chemical reactivity of the system. 
Water-gas shift (WGS) reaction tests on CeOx/npAu showed formation of CO2  at 
temperatures as low as 135°C. The loss of activity after about 15 h of catalytic 
conversion at temperatures up to 535°C was only about 10%. Photoelectron 
spectroscopy studies of the material revealed that defect rich ceria (Ce3+) plays a key 
role in the dissociation of H2O. By comparing the catalytic activities of different 
catalysts, it was found that the Ce1Ti2Ox/npAu sample yields the highest activity 
which was nearly twice as high as the activity of all other samples at 300°C. This was 
related to its high dissociation ability for water. 
In addition to WGSR, another important hydrogen production process, namely the 
steam reforming of methanol (SRM), was studied. The reaction of methanol with 
water yielded hydrogen as a reaction product quantitatively. The flow reactor study 
showed that both, CeOx/npAu and Ce1Ti2Ox/npAu, had a high activity and selectivity 
for the reforming reaction.  
To understand the origins of the catalytic activity of the oxide functionalized npAu, 
photoelectron spectroscopy and diffuse reflectance infrared spectroscopy (DRIFT) 
have been used. The investigations revealed that the activation of water and the 
formation of OHads are key factors for the different activity/selectivity of the catalysts. 
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1. Introduction 
Novel catalytic materials play a central role for the improvement of processes 
connected with the conversion of energy, remediation of environmental pollutants, 
and the synthesis of chemicals and materials.1-3 One area which witnessed 
considerable activity in the past decades is hydrogen production. This development 
was and is driven by the increasing demand for environmentally friendly sources of 
energy. Accordingly, this trend has led to a worldwide search for better catalysts for 
hydrogen production. 
In heterogeneous catalysis, catalytic metals are largely confined to the elements of 
groups VIII and IB in the periodic table.4 There are, however, many large and 
important differences between the two groups of elements. The excellent catalytic 
activity of group VIII metals can be attributed to the optimum degree of d-band filling. 
The elements of group IB, the so called coinage metals (Cu, Ag and Au), have fully 
occupied d-bands (respectively 3d, 4d and 5d).4 However, owing to the relatively low 
ionization potential of Cu and Ag, they can easily lose electrons to yield d-band 
vacancies; therefore they are potentially able to be catalytically active. In fact, in 
industry Cu is often used in methanol synthesis and Ag is often used for ethylene 
oxide synthesis.5 In contrast, Au has a high ionization potential and therefore a poor 
affinity towards molecules. Surface science studies and density functional calculations 
also show that no dissociative adsorption of H2 and O2 can happen on the surface of 
gold below 200°C, which indicates that Au should be catalytically inactive for 
hydrogenation and oxidation reactions.5 
For these reasons, gold was regarded as an inactive metal in catalysis for a long 
time. However, today gold has attracted great interest of both industrial and academic 
scientists. After 30 years of research some key progress has been made. For example, 
Hutchings et al. reported that a Au/C catalyst has been commercialized in the 
acetylene hydrochlorination in industry since 2007.5 
The recent advent of interest in gold catalysis dates back to the 1980s, when Haruta 
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and co-workers first reported that nanosized Au clusters prepared by coprecipitation 
or deposition-precipitation show high catalytic reactivity toward low-temperature CO 
oxidation.2, 6 Almost at the same time, nanoporous gold (npAu) as an open-cell metal 
foam was discovered by scientists when they were studying the corrosion process of 
Ag-Au alloys through electrochemical techniques.7 In the next two decades most of 
the studies were focused on studying dealloying and stress corrosion cracking. Albeit 
much progress has been achieved in this area, the application of npAu in the field of 
catalysis has been long over-looked until recently. 
In 2006, our group and Ding’s group (short time later) independently reported that 
this “unspported” gold catalyst shows high activity for the low-temperature CO 
oxidation.7-10 To a large extent, these findings have refreshed people's understanding 
of the traditional gold catalyst, because all the previous studies consistently claimed 
that the catalytic activity of Au catalysts is limited to very small Au particle sizes (<5 
nm) and that the interaction with a metal oxide support plays an important role for the 
observed catalytic activity. Nonetheless, nanoporous gold as a unsupported 
three-dimensional nanoporous bulk material with much larger feature sizes (10-50 
nm), also shows high activity for low-temperature CO oxidation. 
 
Figure 1. The 3D structure of npAu generated by etching a Au-Ag alloy by 
concentrated HNO3. The resulting structure can be characterized as a (open-cell) 
metal foam with ligaments and pores in the range of tens of nanometers. Inset 
(middle): The scheme of low temperature CO oxidation. (Modifed from Dr. Arne 
Wittstock’s PhD dissertation) 
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Nanoporous gold usually is prepared by selective corrosion (dealloying) of a gold 
alloy containing a less noble constituent, such as silver, copper or aluminum, in 
analogy to a process by which Raney nickel is made from Ni-Al alloys via leaching 
out Al.8, 10-11 After the first report on using npAu as a catalyst for CO oxidation,9-10 
there have been more studies reporting the application of npAu catalysts in other 
reactions, such as gas-phase and liquid-phase oxidation of alcohols and glucose, 
electrochemical oxidation of methanol, as well as oxidation of organosilanes with 
water.12-17 All these studies have in common that they demonstrate npAu’s capability 
to provide high activity and selectivity, even under relatively mild reaction conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Origins of the catalytic activity of nanoporous gold 
Page | 4 
 
 
2. Origins of the catalytic activity of nanoporous gold 
It is known that bulk metallic gold has a very poor activity for the activation of 
simple molecules, such as H2, O2, CO.
18-19 However, when gold is dispersed in the 
form of nanometer-sized particles, subnanometer-sized clusters or even single atoms 
and supported on some high-surface-area oxide or carbon supports, it can exhibit high 
catalytic activities.18, 20-21 Numerous experimental and theoretical studies have been 
conducted to understand the high catalytic activity of supported gold 
nanoparticles.22-26 Generally, it is believed that the enhancement of the catalytic 
activity is related to two effects.  
One of the effects is the so called quantum effect/morphological effect—the high 
abundance of corner and edge atoms on the surface of small particles (< 5 nm).18 In 
fact, there are two ways in which corner or edge atoms can influence the reaction, one 
is electronic and the other one is geometrical by nature.27 The electronic factor is due 
to the fact that low-coordinated surface metal atoms have different local electronic 
structures and thus interact differently with molecules, leading to different adsorption 
and reaction properties.27 According to Norskov, the d-band center of transition metals 
can be used to assess the ability of atoms to form bonds with adsorbates.27 For 
example, transition metal atoms with a low coordination number (steps, edges, kinks 
and corners) usually exhibit higher lying d-states which result in a stronger interaction 
of these atoms with adsorbates than atoms on close packed terraces. The geometrical 
factor is due to different surface geometries which provide different surface atom 
configurations, i.e. adsorption sites for molecules. In general, it is hard to differentiate 
between these two effects. For example, on the one hand, atomic steps provide atoms 
with higher-lying d-states. On the other hand, they also provide new surface atom 
configurations.27  
The other important effect is the support effect, which also can be divided into two 
mechanisms. One is called support induced mechanism, by which the support can 
influence the reactivity of the gold catalyst by charging the gold nanoparticles and/or 
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inducing strain in the structure.28 The other effect is called support driven mechanism. 
Here the enhancing effect results from the fact that O2 molecules are trapped on the 
support including mass transport of the reactants to the reaction site.28 Additionally, 
the support can stabilize some active species during the reaction process either by 
polarization effects or by direct bonding.18, 29  
Nanoporous gold fabricated by electrochemical or free corrosion without any 
support shows an activity towards many oxidation reactions similar to small, 
oxide-supported gold nanoparticles.12, 30-31 In contrast to oxide supported gold 
catalysts, npAu exhibits a sponge-like open-cell morphology with feature sizes that 
are much larger ( 30 to 50 nm) than catalytically active Au nanoparticles.11 However, 
similar to nanoparticulate gold, the catalytic activity of npAu also strongly depends on 
the size of the nanopores or ligaments.8, 32 Chen et al. reported that a high density of 
atomic steps and kinks exist on the curved surfaces of npAu, which are comparable to 
3–5 nm gold nanoparticles.30 The DFT results also show that Au tends to be 
catalytically active for the activation of molecular oxygen when the coordination of 
atoms is low enough.7, 18 Therefore, it has been argued that the catalytic activity of 
npAu is purely an electronic e?ect; in other words, the activity originates merely from 
the high density of under-coordinated step and kink sites present on the curved 
ligament surfaces.7 (Figure 2) 
 
Figure 2. Atomic structure of the surface of np-Au: HAADF-STEM image of convex 
(111) terraces and neighboring atomic kinks. Reprinted with permission from ref 28, 
Copyright 2012, Nature Publishing Group. 
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The low-coordinated Au sites may indeed be important for some reactions, however, 
another factor that cannot be simply ignored is the residual elements’ effect. (Figure 3) 
It is known that npAu always contains residual less-noble elements that cannot be 
completely removed by dealloying.29, 33 Both, experimental observations and 
theoretical studies, conducted by our working group suggest that catalytic activity of 
npAu is not only a unique feature of the special surface geometry of the material.29, 34 
It also depends on the distribution of residual Ag and its chemical state on the 
surface.29 The studies from Sault et al.35 on Au(110) and Kim et al.36 on Au(211) also 
point to the fact that molecular oxygen cannot be activated on these surfaces (at 
atmospheric pressure and 300−450 K), although they contain a high density of low 
coordinated atoms. In addition, studies based on npAu made from AuCu3 alloys 
(residual Cu content 12−27 at. %) show that residual Cu could also promote the 
activation of molecular oxygen on npAu.7 These findings indicate that small 
concentrations of residual elements/additives on the surface of npAu can play an 
essential role in influencing the chemical properties of the catalysts. Ideally, one can 
take advantage of these phenomena when designing highly efficient npAu based 
catalysts for a broader range of catalytic applications.  
 
Figure 3. Illustration of the reaction between O2 and CO diffusion on the stepped 
npAu surface with residual Ag or Cu atoms helping to dissociate molecular oxygen.  
 
 
 
 
 
 
Modification of nanoporous gold with metal oxides 
Page | 7 
 
 
3. Modification of nanoporous gold with metal oxides : A 
synergistic eﬀect 
Metal oxides are one of the most widely employed materials, which can be used 
either as active catalytic phases or as supports for dispersed catalysts.37 Their catalytic 
activity may be ascribed to the presence of acid–base sites and their special redox 
properties.37-38 In order to achieve better catalytic performance, i.e. to improve the 
catalytic activity and selectivity, for example the development of multicomponent 
composite catalysts is a possible choice. In fact, the combination of noble (Pt, Au, Ru) 
metals and metal oxides is frequently used in heterogeneous catalysis.37 Often, the 
high performance of these catalysts is largely dependent on a possible synergistic 
catalytic interaction of the metal and the oxide support on the nanoscale.  
Synergistic catalytic e??ects can be defined as a kind of cooperation between 
di?erent components (active sites) which result in a significantly enhanced catalytic 
performance as compared to the simple summation of the properties of the individual 
components.39 In reality, the cooperations/interactions between di??erent catalyst 
components are complicated. Based on a thorough study of literature reports and own 
work on nanocomposite catalysts, Shi proposed that the synergistic catalytic e??ects 
can be divided into four different types.39 A detailed discussion of this field is beyond 
the scope of the current thesis, but an excellent summary can be found in this 
review.39  
Here, we only introduce one type of synergistic catalytic e??ect, namely the 
situation that one component is activated by the other. The main feature of this effect 
is that a second component of a catalyst can initiate or improve the catalytic activity 
of the main component during the reaction by promoting the formation of a special 
activated species (e.g., radicals) of the main component. Take the reaction  A + B ? 
C  as a simple example: catalyst α alone has a low kinetic rate or cannot catalyze the 
reaction, in the following way :  
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In case of a α/β hybrid catalyst, α can be activated by β to an activated state (αʹ), 
according to: 
 
Or α and β can be mutually activated to αʹ and βʹ, according to:  
 
Then the αʹ/β or αʹ/βʹ catalyst formed in these ways can largely accelerate the 
reaction process: 
 or   
This kind of synergistic catalytic e??ect is prevailing in a lot of catalytic reactions. 
One typical example are gold catalyzed reactions. The combination of oxides with Au 
is quite well-known in the field of traditional gold catalysts, with Au nanoparticles 
supported on metal oxides.40-42 As mentioned in the last section, in addition to the 
small dimension and morphology of gold nanoparticles, the catalytic performance is 
highly dependent on the type of support. Among the numerous supports studied, 
titania and ceria have been proved to be the most effective supports for Au, catalyzing 
a variety of reactions. For example, small gold particles dispersed on ceria or titania 
are excellent catalysts for the water gas shift reaction, selective oxidation of alkenes 
and alcohols.39 A schematic illustration of the proposed synergistic catalytic effect, 
found for Au/CeO2 or Au/TiO2 composites is shown in Figure 4. In general, Au 
promotes the catalytic activity mainly through an electron donation e?ect. By 
donating electrons to ceria or titania, the oxide support can be activated by Au by 
generating Ce(III) from Ce(IV) or TiO2?x, respectively, and at the same time, oxygen 
vacancies can be created on the surface of the oxides for further oxygen or water 
activation.  
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Figure 4. Schematic illustration of the synergistic catalytic effect for Au/CeO2 or 
Au/TiO2 composites: Simply, oxygen vacancies can be generated in CeO2 or TiO2 in 
the presence of reducing agents and especially the promotion of Au via the electron 
donation effect, and the active Oads species formed at the vacancies can accelerate 
oxidation/dissociation reactions. 
 
A very large number of studies have been conducted for oxide supported Au 
nanoparticles systems, however, what happens when inversely nanoparticles of a 
given metal oxide are deposited on the surface of a Au support? Recently, Rodriguez 
and co-workers conducted a series of model studies by depositing metal oxides, such 
as TiO2 or CeO2, on Au(111) or Cu(111) surfaces under ultra high vacuum conditions 
(UHV) and found that such inverse catalysts also show a high catalytic performance 
for the water-gas shift reaction.43-45 The inverse system is reported to be even more 
active than the traditional oxide supported metal particles catalyst.46 However, this is 
only limited to an UHV study, the challenge of transferring this inverse design to 
ambient pressure applications arises from the requirement of a high surface area gold 
support. 
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Figure 5. Scanning electron micrograph of a nanoporous gold material, showing the 
outer surface and a crack along a grain boundary.(Reproduced from publication ?, 
copyright Royal Society of Chemistry, 2017) 
 
The interesting structural features of npAu include a three-dimensional (3D) 
bicontinuous open pore network structure (Figure 5) on the order of a few tens of 
nanometers (?40 nm typically), an accordingly high surface-to-volume ratio, specific 
surface areas between 4−30 m2/g, i.e. properties which render this material an 
attractive candidate for novella inverse Au catalyst design. At the same time, the 
combination of npAu with suitable metal oxides (Figure 6) also offers the opportunity 
to drastically improve the thermal stability and mechanical properties of npAu.8, 47-48 
 
Figure 6. a) Scheme for nanoporous gold modified with metal oxides(MOx). b) High 
resolution transmission electron microscopic (HRTEM) images of nanoporous gold 
coated with titania–ceria mixed oxides (Ce1Ti2Ox/npAu) after calcination at 450°C in 
helium for 2h. 
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3.1 Fabrication of ceria-functionalized npAu catalysts 
(Relevant papers: I) 
 
Previously, great efforts have been directed toward the synthesis of oxides@npAu 
structures. For example, Biener and co-workers introduced an atomic layer 
deposition (ALD) strategy for controlled layer by layer coating on the interior 
surface of npAu by TiO2 and Al2O3.
47 My co-worker, Andre Wichmann, found that 
the simple impregnation of npAu with a highly hydrolyzable titaniumisopropoxide 
(TTIP) solution followed by controlled annealing could also result in a homogeneous 
distribution of TiO2 nanoparticles inside the porous structure.
48 In addition, Lang and 
co-workers have developed a hydrothermal approach to deposite Co3O4 inside the 
npAu nanopore system.49 However, studies aiming at modifying npAu with metal 
oxide are still in an initial stage, to date; the reports on the effective preparation of 
metal oxide deposits on npAu are quite limited, although they exhibit valuable 
properties for catalyzing certain chemical reactions. Particularly CeO2, as mentioned 
above, has shown great potential for the water-gas-shift reaction after depositing it 
on Au (111) surface. In order to transfer this inverse catalyst design to larger scale 
ambient pressure conditions, we have prepared a CeOx functionalized npAu catalyst 
for ambient WGSR studies. Recent work with respect to the structural 
characterization of the CeOx modified npAu system will be briefly introduced in this 
section. 
We use a facile and cost-e?ective wetness impregnation and pyrolysis method to 
add ceria onto the surface of npAu. As revealed by scanning electron microscopy 
and transmission electron microscopy, shown in Figure 7, the ligaments of npAu 
exhibitting an average ligament size of around 40 nm are uniformly and abundantly 
covered by ceria deposits. Further investigations with energy dispersive X-ray 
spectroscopy (EDX) indicated that these deposits consist of cerium oxide with a 
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content of Ce was between 2-10 atom%. After annealing up to 485°C for over 2 
hours most of the gold ligaments and pores kept their diameter of around 40 nm 
without coarsening. To be mentioned, the partial coarsening in some regions of the 
sample can be attributed to an inhomogeneous distribution of the precursor inside the 
porous structure. In general, the finding is in line with prior work of Wichmann et al. 
on TiOx functionalized npAu.
11, 48 It is suggested that the stabilization of the Au 
porous structure at elevated temperatures is related to the presence of the metal oxide 
deposits on the ligament surface.11, 48 Because the melting temperature of metal 
oxides, such as TiO2 (1843°C) and CeO2 (2400°C) is much higher than that of gold 
(1063°C), which also corresponds to a higher Huttig-temperature the metal oxide 
nanoparticles are considerably more stable against coalescence.40 Furthermore, the 
oxide deposits prevent coarsening of the Au ligaments themselves, probably because 
they hinder diffusion of Au atoms from step edges, a mechanism that is considered 
to be responsible for the coarsening process. 
 
Figure 7. Characterization of cerium oxide-modified nanoporous gold. (a,b) SEM of a 
freshly cleaved cross section of a CeOx/npAu disk (?200 μm thick). (c) The cerium 
oxide deposits become visible at higher magnification (TEM). Arrows indicate the 
npAu support (upper arrow) and the cerium oxide deposit (lower arrow). (d) EDX 
confirms that these deposits are cerium oxide on gold (?5 atom% cerium). 
(Reproduced from publication?, copyright American Chemical Society, 2014) 
 
 
 
 
Modification of nanoporous gold with metal oxides 
Page | 13 
 
 
 
3.2 Fabrication of mixed metal oxide-functionalized npAu 
catalysts 
(Relevant papers: II& III) 
Following up on the first studies using npAu as the support for pure CeO2 oxide 
deposits, we pursued the question if mixed oxides of CeO2 and TiO2 supported on 
npAu could show even higher WGSR activity. Several studies on TiO2–CeO2 mixed 
oxides have shown improvements regarding redox, textural, and structural 
properties.43, 50-57 The incorporation of Ti into the ceria lattice was shown to increase 
the fraction of partially reduced Ce3+ which was shown to be an active site for 
bonding and dissociation of water.38, 43, 58 Yet, owing to the active chemical nature of 
the precursor, the titanium tends to form preferentially pure titania and not mixed 
oxides, so that it is difficult to control the reaction kinetics for heterogeneous 
nucleation and growth of mixed oxides on the desired substrate.59-61 
In view of these issues, we have developed a versatile sol–gel method for coating 
mixed oxides on nanoporous gold, which allows overcoming all the problems. In the 
following section, the main aspects of the work will be summarized, emphasizing the 
fine control over the composition of the mixed oxides as well as their homogeneous 
distribution inside the porous network. 
The synthesis of Ce–TiOx mixed metal oxides inside the npAu network was based 
on a sol–gel coating method (Figure 8). In a typical synthesis, npAu was first prepared 
by the free corrosion method. Subsequently, a Ce–TiOx mixed metal oxide gel was 
deposited on npAu disks via the hydrolysis and condensation of TBOT 
(Ti-tetrabutyl-orthotitanate) and Ce(NO3)3 in pure ethanol with a low content of 
concentrated ammonia (0.3vol %). Followed by a thermal treatment process, the 
mixed metal oxide modified npAu could be obtained and exposed catalytically active 
form could be obtained after removal of residual groups from the synthesis process. 
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Figure 8. Scheme for the fabrication of titania-ceria mixed oxide coatings inside 
nanoporous gold. 
 
Similar to the CeOx/npAu samples, the effect of post deposition annealing on the 
morphology of the Ce–TiOx modified npAu was first studied by scanning electron 
microscopy. Representative cross-sectional scanning electron micrographs of 
Ce1Ti2Ox/npAu were chosen to document the morphology of the material. As shown 
in Figure 9, the ligaments and nanopore channels are homogenously arranged in the 
bicontinuous 3D network after the annealing treatment. The higher magnification 
images from the surface and middle part of the sample show no aggregates inside the 
pores after annealing. The average ligaments size is around 45 ± 2 nm. EDX 
spectroscopy in different depths along the cross section revealed that the content of 
Ce is around 2 ± 0.5 atom% and of Ti is around 4 ± 0.5 atom%, consistent with a 
nominal ratio of the sample corresponding to Ce1Ti2Ox. These findings demonstrate 
that the sol–gel method is a very good way to homogeneously grow metal oxide 
deposits inside the npAu and it provides control over the composition of oxide. At the 
same time, the tiania–ceria oxides can also effectively stabilize the nano-pores 
structure up to 500°C.  
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Figure 9. Characterization of titania–ceria modified nanoporous gold. a/b) SEM of a 
freshly broken cross-section of a Ce1Ti2Ox/npAu disk (?150 μm thick) sample. The 
sample was heated to 500°C prior to characterization to demonstrate the structural 
stability of the material upon heating. a) On the left, a section of the material in the 
inner part of the material (?75 μm from surface); on the right, a corresponding 
section close to the outer surface. b) EDX measurement from different depths in the 
cross sections. (Reproduced from publication ? , copyright Royal Society of 
Chemistry, 2016) 
 
The further structural characterization with transmission electron microscopy (TEM) 
(Figure 10, Ce1Ti2Ox/npAu) shows that the gold ligament size is about 40 nm to 50 
nm in line with the SEM measurements. The HRTEM characterization of the convex 
region of ligaments proves that the gold ligaments are covered by small agglomerates 
which are around 2 nm in size (Figure 10b,d) and clearly exhibiting a crystalline 
structure. The elemental maps that have been recorded in the energy filtered mode of 
the TEM (EFTEM) clearly show an enhanced Ce and Ti (Figure 10e) signal at the 
surfaces of the npAu, where the crystalline particles can also be seen (Figure 10c). 
This finding confirms that the nanoparticles are composed of Ti and Ce. 
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Figure 10. a/b) TEM and c) HRTEM images of nanoporous gold modified by 
titania–ceria mixed oxides (Ce1Ti2Ox/npAu) after calcination at 450°C in helium for 
2h; the arrow in c) indicates oxide particles on the npAu surface, d/e) TEM and 
elemental maps of ceria and titania obtained in the EFTEM mode after the catalytic 
experiments. (Reproduced from publication ?, copyright Royal Society of Chemistry, 
2017) 
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4. Interaction of different gases (O2, CO, H2O) with CeOx/npAu, 
TiOx/npAu and Ce-TiOx/npAu 
(Relevant papers: I&II) 
 
One of the main interests in this PhD project was to study the effect of the 
deposition of oxides on npAu on the chemical reactivity of the system. To begin with, 
we studied the interaction of simple gas molecules, such as CO, O2, H2O, with oxide 
modified npAu. Raman scattering has been used to study the crystallinity and the 
behavior of oxygen vacancies within the npAu supported metal oxides under different 
gases conditions. 
In the study disks of npAu containing pure CeOx and TiOx as well as Ti-CeOx 
mixed oxides were first activated at 450°C in N2/He for 2 h and then broken into 4 
pieces (guaranteeing exactly the same starting/preparation conditions) followed by 
heating to 400 °C under different gas atmospheres for 2 h. Figure 11a shows the 
Raman spectra of CeOx on a planar gold/sapphire substrate and on npAu. All spectra 
show the typical characteristic first-order F2g mode of cubic CeO2 at around 460 
cm−1.62-63 This mode is attributed to the symmetric stretching mode of the Ce-O8 
vibrational unit.62, 64-65 As compared to the planar and sapphire substrates, the 
npAu-supported CeOx shows an additional broad signal at around 560 cm
−1, which 
can be attributed to a defect-induced mode (D-peak, more details in publication?). 
As indicated in Figure 11b, showing the situation when the sample was exposed to 
reducing conditions in a CO atmosphere, the D-peak intensity increased. In contrast, 
when the sample was exposed to an oxygen-or water-containing atmosphere, the 
D-peak intensity decreased. This result implies that the D-peak intensity indeed 
relates to the oxygen vacancies in the cerium oxide, which are dynamically 
responding to the reducing or oxidizing gas atmosphere.63, 66-68 The finding also 
indicates that both, oxygen and water, can be dissociated on the catalyst surface, and 
oxygen atoms can be incorporated into the ceria lattice. 
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Figure 11. Raman spectra of cerium oxide (@ 785 nm excitation) prepared by thermal 
decomposition of cerium nitrate. (a) Cerium oxide on a planar gold/sapphire 
substrate in comparison to cerium oxide on npAu, the baseline is the Raman spectrum 
of pristine npAu. The small peak at around 425 cm−1 (red line) is attributed to the 
sapphire substrate. Inset shows a schematic representation of cubic fluorite structure 
of CeO2. (b) Raman spectra of cerium oxide on npAu. Inset: the bar plot describes the 
defect peak maximum as a function of the increasingly oxidizing conditions. 
(Reproduced from publication?, copyright American Chemical Society, 2014) 
 
In addition, the treatment under different gas atmospheres has an impact on the 
formation of the crystalline phase. After exposing the TiOx/npAu sample to an O2 
atmosphere, the peaks (B1g, A1g, Eg) due to the crystalline phase grow in intensity  
and the broad peak at 695 ± 3 cm−1 due to amorphous titania disappears(Figure 
12a).69-71 This implies that the crystallinity of titania increases after adding oxygen to 
the defects, i.e. oxygen vacancy sites, of the initially amorphous titania. In contrast, 
the treatment in a H2O atmosphere has a negligible influence on the sample with 
respect to the intensity of both, the amorphous peak (695 ± 3 cm−1) and the anatase 
peaks (B1g, A1g, Eg). This finding indicates that H2O is more difficult to dissociate 
than O2 on the TiOx/npAu surface. In addition, after the treatment in a reducing CO 
atmosphere most of the titania is transformed into an amorphous state, implying the 
introduction of defects in the oxide by removing lattice oxygen. 
From the Raman spectra of Ce1Ti2Ox/npAu and Ce1Ti3Ox/npAu (Figure 12b and c) 
we can see that the typical Raman modes of anatase TiO2 and cubic CeO2 (?460 cm−1) 
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are not present, indicating a low content of crystalline phases of both TiO2 and CeO2. 
After oxidizing with O2 or H2O, however, a very broad peak centered at around 710 
cm−1 becomes noticeable. This indicates the formation of titanates and cerium 
titanates, respectively.64, 72-74 In the study we find the formation of cerium titanates 
after treatment of the catalysts in water or oxygen atmosphere, while no changes can 
be observed when heating in an inert gas atmosphere (Figure 12b and c). Similar to 
CeOx/npAu sample, this observation indicates that water and oxygen are dissociated 
on the catalyst surface and oxygen atoms are incorporated into the crystal lattice. In 
addition, further treatment of an oxidized sample in a CO containing atmosphere 
reveals that the amorphous titania peak shows up again (Figure 13a) and the cerium 
titanates-peak’s intensity are reduced (Figure 13b), indicating that oxygen can be 
dynamically stored in the lattice of the npAu supported oxides. 
 
Figure 12. Raman spectra of (a) TiOx/npAu and (b) Ce1Ti2Ox/npAu (c) Ce1Ti3Ox/npAu. 
The samples were first thermally treated at 450°C in He for 2 h, and then broken into 
several pieces and heated under different gas atmospheres (CO, H2O, and O2 with 13, 
30, and 13 vol%, respectively, in He as carrier at 400 °C for 2 h). d) Evolution of the 
intensity of the A1g (TiOx/npAu) and the Raman band at ?710 cm−1 (Ce-TiOx/npAu) 
after heating in He, H2O and O2 containing atmosphere. (Reproduced from 
publication ?, copyright Royal Society of Chemistry, 2016) 
The peak intensities were compared after heating in different gas atmospheres (A1g 
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for the TiO2/npAu, the band at ?710 cm−1 for the Ce–TiOx/npAu samples) in order to 
semi-quantitatively evaluate the changes from the amorphous state to the more 
crystalline state. All samples show increased crystallinity upon heating in O2 
atmosphere, whereas after heating in a H2O containing atmosphere (Figure 12d), the 
samples show quite significant differences. The Ce1Ti2Ox/npAu sample shows the 
most prominent changes, which are more than twice as large as compared to all other 
samples. This finding demonstrates that the Ce1Ti2Ox/npAu sample shows the highest 
activity for dissociation of H2O among the three catalysts. 
To conclude, the addition of oxides to npAu obviously enhances the chemical 
reactivity of the system and makes it more reactive for the dissociation of molecules, 
such as O2 and H2O. 
 
 
Figure 13. Raman spectra of a) TiOx/npAu and b) Ce1Ti2Ox/npAu before and after CO 
reduction. After treating the sample in an O2 atmosphere at 400°C for 2h, the sample 
was broken into two pieces. Then one part of the oxidized sample was reduced under 
CO atmosphere at 400°C for 2h. (Reproduced from publication?, copyright Royal 
Society of Chemistry, 2016) 
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5. The Water-Gas Shift on CeOx/npAu, TiOx/npAu and 
Ce-TiOx/npAu: Optimizing the Active Sites for the Catalytic 
Process 
(Relevant papers: I&II) 
 
The WGS reaction is an important catalytic process for the production of clean 
hydrogen. In the last decades there has been an increased demand for novel types of 
water-gas shift (WGS) catalysts in the context of mobile and green energy harvesting 
such as in fuel cells application.24, 75 Recently, both Au/CeO2 and CeO2/Au(111) 
materials were reported to be very promising catalysts for the lower-temperature 
WGS reaction.24, 44 The UHV study from Rodriguez et al. indicates that the high 
performance of CeO2/Au(111) catalysts in the WGS requires the presence of both 
oxide and metal.44 The oxide plays an important role in facilitating the dissociation of 
water because Au itself cannot perform this reaction. This is also in line with our 
studies on the oxide functionalized npAu. It is known that npAu itself is a very active 
catalyst for oxidation of carbon monoxide which is based on the dissociation of 
molecular oxygen. The current study points to the fact that the oxide functionalized 
npAu can efficiently dissociate both molecular oxygen and water, and now the 
question arises if the material could also catalyze the water based oxidation reaction 
such as the WGS reaction and steam reforming of methanol? 
To answer this question, we first studied CeOx functionalized npAu for the WGS 
reaction. As shown in Figure 14a and b, the deposition of CeOx on npAu yield 
surfaces with high catalytic activity for both the WGSR and CO oxidation. Starting at 
about 135°C the first catalytic conversion of H2O and CO to CO2 was observed 
(Figure 14a). The catalytic activity increased strongly with temperature. The 
Arrhenius plot reveals an apparent activation barrier Ea of around 31 kJ/mol (Figure 
14a). This value is comparable to the result from Fu et al., who measured an Ea of 
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about 37 kJ/mol with a CeO2-supported Au nanoparticles catalyst.
76 In addition, the 
catalyst displayed a good long-term stability; after three test cycles, a total of 15 h, the 
CeOx/npAu sample only lost about 10% activity at 535°C. As anticipated, the activity 
for CO oxidation is much higher even at lower temperatures as compared to WGSR; 
for example, the formation of CO2 using O2 sets in at 60°C (Figure 14b). A similar 
conversion was detected only at 240°C when using water as the oxidant. It is known 
that the O-O bond (146 kcal/mol) has a much lower energy than O-H bond (467 
kcal/mol).(Libretext chemistry library) Therefore, the high activity for oxidation by 
O2 at much lower temperatures can be attributed to faster/easier activation of 
molecular oxygen of the CeOx/npAu catalyst surface.  
 
Figure 14. WGS activity (CO + H2O → CO2 +H2): (a) using a 150 μm thick 
free-standing disk of CeOx/npAu (4.2 vol% CO, 16.0 vol% H2O in N2, total gas flow 
43.8 mL/min, Mcatal = 5.1 mg, space velocity 515 000 mL h−1g−1cat). The inset shows 
an Arrhenius plot of the data revealing an apparent activation energy of 31 kJ/mol. (b) 
Comparison of the reaction rate for oxidation of CO by H2O (lower line) or O2 (upper 
line) using a CeOx/npAu catalyst (for CO oxidation 2.9 vol % CO, 47.0 vol % O2 in 
N2, mcatal 4.4 mg; for WGS reaction 4.2 vol % CO, H2O 16.0 vol % in N2. mcatal= 4.8 
mg). (Reproduced from publication?, copyright American Chemical Society, 2014) 
 
Photoelectronspectroscopic (PES) characterization of samples prior to and after 
catalytic testing revealed that all the samples contained a high concentration of Ce3+ 
of about 65-75% (Figure 15). This observation suggests that under the chosen 
annealing temperatures (>235°C) and under a protecting inert gas atmosphere (N2/He) 
the Ce3+ is only partially oxidized to Ce4+. To be mentioned, the defect concentration 
b) 
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(Ce3+) stays quite constant or even slightly increases after the WGS reaction. This can 
be due to the synergy effect between the npAu and the ceria deposits which helps 
maintaining these defects44, 46, 77-78 and, thus, the catalytic activity even under 
oxidizing conditions. 
 
Figure 15. Resonant photoemission of Ce3+/Ce4+ on the CeOx/npAu film catalysts at 
the valence band. (Reproduced from publication?, copyright American Chemical 
Society, 2014) 
 
This first study shows that CeOx functionalized npAu holds great promise for 
WGSR applications at ambient pressure over a wide temperature range. Spectroscopic 
characterization by photoemission reveals that the cerium oxide is rich in defects 
(Ce3+) in combination with npAu. (pure ceria contains around 18% Ce3+).79 Such 
surface defect sites facilitate the dissociation of water, and thus promote this reaction. 
To test if npAu functionalized with the mixed oxides of CeO2 and TiO2 show higher 
activity, we compared the performance of Ce–TiOx/npAu to npAu functionalized with 
pure TiO2 as well as pure CeO2 with respect to WGSR. As can be seen in Figure 16a 
start of the catalytic conversion of water and CO can be observed over all the catalysts 
at a temperature of 200°C. Also, the catalytic activity for all the catalysts increases in 
an exponential fashion with temperature. TiOx/npAu exhibits the lowest activity in the 
whole temperature range. The bar plot (Figure 16b) at 300°C for all samples reveals 
that the addition of even small amounts of Ce to TiO2 results in an increased activity 
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by ?30%. The Ce1Ti2Ox/npAu sample shows the highest activity with a reaction rate 
of 27 μmol CO2 g−1s−1, which is around 3 times of the values reported by Si et al. (9.3 
μmol CO2 g−1s−1 at 300°C) for Au–Ti–CeO2 powder catalysts.80 The corresponding 
TOF is ?0.3 s−1, calculated by assuming a specific surface area of the npAu catalyst 
of around 4 m2g−1. However, when taking mass transport and coverage of the surface 
by oxide particles into account, the calculated TOF might even be higher.18, 43  
 
Figure 16. WGS activity (CO + H2O → CO2 +H2): a) comparison of the reaction rate 
of different binary Ti–CeOx and TiO2 or CeO2 single oxide functionalized npAu 
samples (5.8 vol% CO, 22.0 vol% H2O in He, total gas flow of 32 mL min−1, mcatal = 
6.0 ± 0.2 mg, space velocity 320 000 mLh−1gcat−1). b) The bar plot for the catalysts is 
based on the reaction rates measured at 300°C (each measurement was repeated at 
least 4 times with different catalysts). (Reproduced from publication ?, copyright 
Royal Society of Chemistry, 2016) 
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6. The Steam reforming of methanol over CeOx/npAu, 
TiOx/npAu and Ce-TiOx/npAu 
(Relevant paper: III) 
Besides the water gas shift reaction another important approach for the production 
of hydrogen is steam reforming of methanol (SRM).81-84 It provides an effective way 
to leverage the existing infrastructure in fuel storage and dispensing,85-87 owing to the 
liquid nature of methanol at atmospheric pressure and other advantageous properties 
such as a high H/C ratio, no sulfur contaminations, and easy synthesis from renewable 
and fossil fuels.88-93 The mechanism of SRM is still being debated, even for the 
extensively studied Cu- and Pd/ZnO-based catalysts.85, 91, 94-101 From the chemical 
equation we can see that water adsorption and dissociation should also be involved in 
the catalytic process. The previous study already demonstrates that the oxides 
functionalized npAu are highly active for the dissociation of H2O in WGSR and we 
know that npAu is also highly active for the selective oxidation of methanol with 
molecular O2. So, theoretically, the oxide functionalized npAu might also be able to 
catalyze the SRM reaction. In the following section we have examined the 
Ce1Ti2Ox/npAu, CeOx/npAu and TiOx/npAu system as SRM catalyst, and investigated 
the dependence of the activity and selectivity on the temperature and on the nature of 
the oxide deposits.102 
Figure 17 reveals the different activities of the three samples for the SRM reaction. 
Obviously, the CeOx-modified npAu shows the highest reactivity, followed by 
Ce1Ti2Ox/npAu, and TiOx/npAu, which exhibits the lowest activity in the whole 
temperature range (for more details see publication ?). A control experiment with 
pure npAu or pure metal oxides demonstrates that the reforming of methanol is 
negligible on these systems. In addition, all three catalysts exhibit high CO2 
selectivity (?100 %) below 350°C (Figure 17b) and the CO concentration is below 
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the detection limit. After increasing the temperature above 350°C, CO can be detected 
indicating a lower CO2 selectivity at high temperatures. 
 
Figure 17. (a) CH3OH conversion rate to CO2 in steady-state tests of SRM over 
Ce1Ti2Ox/npAu, CeOx/npAu and TiOx/npAu; (b) CO2 selectivity (%) in steady-state 
tests of SRM over CeOx/npAu (solid squares), Ce1Ti2Ox/npAu (solid triangles), 
TiOx/npAu (solid circles). The inset in Fig. 17b shows the dehydrogenation of CH3OH 
to CO in the absence of H2O over CeOx/npAu (hollow squares). (Reproduced from 
publication ?, copyright Royal Society of Chemistry, 2017) 
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7. Hydroxyl groups (OH) on the surface of CeOx/npAu and 
Ce-TiOx/npAu: Origins of the catalytic activity of oxide 
functionalized nanoporous gold 
(Relevant papers: I&III) 
Hydroxyl groups on oxide surfaces are the key species in lots of surface and 
interface reactions, because they determine the acid-base chemistry and catalysis 
properties of the oxide materials.103 They are reported to be involved in many 
catalytic reactions, such as CO oxidation and alcohol oxidation, as also catalyzed by 
oxide-supported Au particles.104 The presence of hydroxyl groups can promote the 
reaction rate even by several orders of magnitude. For example, Date et al. studied the 
influence of H2O on CO oxidation activity over Au/SiO2 at 273 K and found that an 
increase of the water concentration from 0.3 to 200 ppm can result in an increase of 
the reaction rate by 2 orders of magnitude.104 My colleague Wittstock observed 
similar results for the on the npAu catalyzed CO oxidation; just by adding 0.01 vol% 
water to the gas stream the conversion of CO was increased by about 100 %.105 It is 
believed that during the reaction a hydroxyl species can directly react with CO to 
form COOH, which eventually decomposes to CO2.  
Both UHV studies and DFT calculations point to the fact that there is only very 
weak bonding between water and a clean Au surface.18, 104 In contrast to Au, oxides 
especially those with redox properties, have a relatively high ability for water 
adsorption and further dissociation into active hydroxyl groups.18 Therefore, the 
addition of titania/ceria on the npAu surface facilitates the breaking of O-H bonds in 
the dissociation of water (H2O ? OH + H). We have discovered that different oxide 
functionalized npAu catalysts exhibit different catalytic activities. The understanding 
of the different activities requires knowledge of their surface properties, especially 
those related to the hydroxyl groups. Photoelectron spectroscopy and diffuse 
reflectance infrared spectroscopy (DRIFT) have been used to study the surface 
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properties of samples for the WGSR and SRM. 
Figure 18 shows the XPS spectra in the O1s region of the CeOx/npAu catalyst 
before and after the WGS reaction. The lattice O signal from CeOx is present in both 
spectra at 529.8 ± 0.15 eV. Another feature at around 532 ± 0.15 eV is attributed to 
OH groups on the catalyst surface.39 After WGS reaction there is an obvious increase 
of the OH/O ratio from 1.1 to 2.2. In addition, a further feature at around 531 ± 0.15 
eV is related to a cerium hydroxide Ce(OH)x phase. According to the literature, the 
key step for the WGS reaction is the adsorption and dissociation of water into 
adsorbed OH and H.44 The observed increase of OH/O ratio and the rise of the 
Ce(OH)x peak after the WGS reaction can, thus, be attributed to the dissociation of 
water on CeOx. 
 
Figure 18. Photoemission features in the O 1s region on the CeOx/npAu film catalysts 
before (upper section) and after WGS reaction (lower section). (Reproduced from 
publication?, copyright American Chemical Society, 2014) 
 
To investigate the adsorption and evolution of CH3OH and CH3OH + H2O on the 
oxides/npAu surface, we performed in-situ studies of these catalysts by diffuse 
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reflection FTIR spectroscopy (DRIFTS). A set of experiments was recorded at 
temperatures between about –35°C and 20°C (low temperature regime). Such low 
temperatures are well below the desorption temperature of methanol and reaction 
products on the oxide surfaces, such as CeO2 (?500 K) as the initial reaction products 
can accumulate on the surface rather than desorb or further react.106, 107 
 
Figure 19. In-situ DRIFT spectra under He atmosphere (30 mL/min) for (a) 
Ce1Ti2Ox/npAu and (b) CeOx/npAu catalysts after exposure to CH3OH at - 35°C. 
(Reproduced from publication ?, copyright Royal Society of Chemistry, 2017) 
 
From the low temperature in-situ DRIFT spectra we learn that the exposure of 
oxide functionalized npAu to CH3OH results in the formation of surface-bonded 
methoxy (CH3O*) (bands at 2920 and 2823cm
−1, Figure 19).97 The observation of 
species like formaldehyde (H2CO*) and formate (HCOO*) can be attributed to the 
dehydrogenation/oxidation of methoxy.97 Moreover, OH groups (bands at 3689 and 
3654 cm−1) can be observed which indicate the reaction of hydrogen with surface 
oxygen atoms. After increasing the temperature to 20°C all the absorbed species can 
not persist on the surface. 
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Figure 20. Steady state flow in-situ DRIFT spectra recorded for CeOx/npAu and 
TiOx/npAu catalysts. (a) CH3OH (13 vol%) and (b) mixture of CH3OH (1.3 vol%) and 
H2O (2.0 vol%) at temperatures starting at 50°C to 250°C. (Reproduced from 
publication ?, copyright Royal Society of Chemistry, 2017) 
 
Following the low temperature in-situ DRIFT experiments, a steady state flow 
in-situ FTIR experiments (50-250°C) were conducted by exposing CeOx/npAu and 
TiOx/npAu to methanol or mixtures of methanol and water. No formaldehyde is 
observed (δ(CH2) at 1443 cm-1) in Figure 20, which is due to the comparably weak 
bonding ability of the species, so that low surface concentration result under SRM 
conditons.100, 108 Starting at 150°C, two new bands are present on the TiO2/npAu 
surface (Figure 20a), indicating the formation of methyl formate (1770 cm-1 and 1190 
cm-1). At the same time, two negative bands (1400 and 1338 cm−1) appear for the 
CeOx/npAu sample, which can be attributed to the desorption/consumption of surface 
–OH group. After exposing the sample to a mixed gas of methanol and H2O, all the 
spectra show obvious changes: the intensity of methoxy decreases, surface species 
like formate and methyl formate disappear (Figure 20b), and two small bands (1650 
cm-1 and 1540 cm-1) indicative of bidentate formate become obvious. The observation 
of the bidentate formate is related to the low activities of the species with respect to 
further dehydrogenation.97 
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Figure 21. Mechanism of steam reforming of methanol on oxides functionalized npAu. 
(Reproduced from publication ?, copyright Royal Society of Chemistry, 2017) 
 
Two different reaction mechanisms have been proposed for the SRM.97, 100, 108 The 
first step is the same for both mechanisms, that is the deprotonation of methanol and 
the formation of surface methoxy, which is subsequently dehydrogenated to 
formaldehyde. (Figure 21) However, based on our research we find that the presence 
of reactive hydroxyl on the catalyst surface will further regulate the following reaction 
steps. The amount of reactive hydroxyl groups will control whether formaldehyde is 
completely dehydrogenated to CO, or reacts with an adjacent methoxy group forming 
methyl formate, or reacts with extra OH forming formic acid. In turn, by detecting 
intermediates on the catalyst surface we can also draw conclusions about the 
availability of reactive OH groups on the catalyst surface. 
The formate pathway 
CH3OH → CH3O* + H* → H2CO* + 2H*  
O*/OH* + H2CO* → HCOO* + H*/H2 
HCOO* → CO2? H* 
Methyl formate pathway 
CH3OH → CH3O* + H*→ H2CO* + 2H*  
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CH3O* + H2CO* → HCOOCH3 + H*  
HCOOCH3 + H2O → HCOOH + CH3OH  
HCOO* → CO2 + H* 
The DRIFTS study shows that no CO is observed on the catalyst surface. We can 
therefore conclude that all oxide/npAu catalysts provide sufficient concentrations of 
OH groups to prevent complete dehydrogenation of formaldehyde to CO. The 
formation of methyl formate on the TiO2/npAu surface suggests that it is less active 
for the dissociation of water than the CeOx/npAu and Ce1Ti2Ox/npAu. The finding is 
also in line with previous studies on the water gas shift reaction.41 
In summary, the activity of the oxide functionalized npAu catalysts is linked to the 
availability of reactive OH groups on the catalyst surface. The presence of oxides on 
the npAu support is a key factor in determining the catalytic activity because npAu 
itself is not able to break the O-H bond in water. The coupling of npAu to ceria/titania 
produces a bifunctional metal-oxide interface that is able to dissociate water, which 
opens a possibility for tuning the properties of npAu for the future applications in 
heterogeneous catalysis. 
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8. Summary and outlook 
The fabrication and applications of metal oxide-functionalized npAu was intensivly 
studied in this work with the emphasis on the control of the composition and 
distribution of the metal oxides, clarifying the role of the oxide deposits in catalytic 
applications, such as the WGSR and SRM, and illustrating the reaction mechanism for 
the SRM reaction.  
The modification of nanoporous gold with different metal oxides was first 
investigated. After deposition of ceria, temperature-induced coarsening of gold 
ligaments could be effectively suppressed even at temperatures of more than 500°C. 
However, the inhomogeneous distribution of the precursor solution in the npAu 
samples caused partially coarsening of the structure. To overcome this problem and 
improve the WGSR catalytic activity, a simple and versatile sol-gel coating method 
was developed. The SEM and TEM characterization showed that TiOx and mixed 
Ce-TiOx can be homogenously deposited onto npAu and the composition can be well 
controlled. 
To further shed light on the effect of depositing oxides on npAu on the chemical 
reactivity of the system, the interaction of simple gas molecules (CO, O2, H2O) with 
the oxide modified npAu was studied with Raman scattering. The formation of 
oxygen vacancies could be detected after heating in reducing atmospheres like CO. 
Oxygen and water could be dissociated on the catalyst surface, and oxygen atoms 
could be dynamically stored in the lattices of the npAu supported oxides. 
 In addition, the catalytic activity of inverse oxide functionalized npAu catalysts 
for the WGSR was investigated. The first study showed that CeOx functionalized 
npAu holds great promise for WGSR applications at ambient pressure over a wide 
temperature range. The X-ray photoelectron spectroscopy revealed that the cerium 
oxide was rich in defects (Ce3+) after the preparation, which facilitated the 
dissociation of water, and thus promoted this reaction. By comparing the activity of 
different catalysts, it was found that the composition of the oxide played a key role, 
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the sample with a Ti :Ce ratio of 2 : 1 showed an increase in activity by over 100%. 
This study showed that the control over the composition of the oxide can provide an 
ideal way for tuning the activity of the catalyst. 
Moreover, metal oxide-functionalized npAu as a new type of catalyst for the 
methanol steam reforming reaction was investigated. The catalytic activities of 
Ce1Ti2Ox/npAu, CeOx/npAu and TiOx/npAu were compared. Notably, ceria and 
mixed oxide functionalized npAu showed excellent low-temperature catalytic activity 
and selectivity for the SRM within a broad temperature (250-450°C) window. 
Last but not least, the impact of surface hydroxyl groups on the material properties 
was investigated. The availability of reactive OH groups on the catalyst surface 
determined the activity of the catalyst and had an influence on the reaction 
mechanism. The coupling of npAu to different oxide provides a new way to tuning the 
surface properties of npAu for broader applications in heterogeneous catalysis. 
In future work, it will be interesting to extend the application of the catalysts in this 
work to other catalytic reactions such as CO2 hydrogenation to methanol. Recently, 
Rodriguez and Chen et al. showed that the interaction of Au with CeOx/TiO2 at the 
interface can lead to a charge redistribution in the metal, the resulting polarization of 
the metal−oxide interface can promote both, CO2 adsorption and activation.109 
Furthermore, the sol−gel strategy for coating npAu started in this work can represent 
a blueprint for the rational design and controllable synthesis of other useful 
npAu-based materials.
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9. Experimental 
9.1 Flow Reactor Studies 
 
Figure 22. Schematic drawing of the experimental setup for measuring the catalytic 
conversion of CO and methanol, respectively. The content of methanol or water in the 
feed gases were adjusted by their vapour pressure and the flow rate of the carrier gas 
(He). The MOx/npAu catalyst was placed in the middle part of the quartz tube and 
fixed with quartz wool. An ice condenser was installed at the reactor exit in order to 
remove the moisture in gas stream. The composition of the gas stream was 
investigated by IR analyzers (URAS 3G, Hartmann and Braun).   
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Figure 23. Experimental setup for measuring the catalytic performance of MeOx/npAu. 
Flow and composition of gases were precisely controlled via mass flow controllers 
(upper left). The stream of gases was guided towards the reactor through a steel pipe, 
the outside of the pipe was wrapped with heating tape and covered with aluminum foil. 
For experiments using e.g. H2O or methanol an additional He stream was guided 
through a saturator system to precisely adjust the content of the particular liquid in 
the gas phase.   
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Figure 24. Photographs of the diffuse-reflectance FTIR geometry (DRIFT) 
experimental setup for investigating the mechanism of steam reforming of methanol 
with different MeOx/npAu catalysts. 
 
9.2 Characterization 
SEM 
The cross-sectional scanning micrographs were collected with a ZEISS SUPRA 40 
using a SE2 detector and an accelerating voltage of 15 kV. Electron dispersive x-ray 
spectroscopy (EDX, with spatial resolution/“mapping”) was performed using a Bruker 
XFlash 6130 detector. The average diameters of the Au ligaments were determined by 
measuring the size of 60 ligaments. The deviation of the EDX data is due to system 
errors which come from the instrument itself. 
TEM 
TEM images were recorded in conventional bright field TEM mode using parallel 
illumination. All measurements were performed with a FEI Titan 80/300 TEM/STEM 
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equipped with an aberration corrector for the imaging system operated at 300 kV. 
Preparation of the TEM sample was performed with a focused ion beam (FIB) using a 
FEI Nova 200 FIB. 
Photoemission Spectroscopy 
The PES data were acquired at the undulator beamline i411 housing a SCIENTA 
SES-200 hemispherical analyzer at the Swedish synchrotron radiation facility 
MAX-IV Laboratory. The samples were mounted using stainless steel clips and the 
Au 4f signal of a gold piece and the residual Au 4f signal of the coated npAu samples, 
respectively, were used for binding energy calibration. Resonant photoemission at the 
Ce NIV,V edge, thus exploiting the 4d-4f transition, was used to determine the ratio of 
the resonant enhancement factors D(Ce3+)/D(Ce4+) in the valence band spectra 
measured at 124.5 eV (Ce4+ resonance), 121.5 eV (Ce3+ resonance) and 115 eV (oﬀ 
resonance) photon energy, respectively. From that ratio the Ce3+ concentration at the 
very surface can be determined as shown in refs 77 and 78. Uncertainties are added to 
our evaluation by the presence of surface species (C−, −OH), which also contribute to 
the VB spectra. Thus, we consider the percentage of Ce3+ presented to be accurate by 
about ±5%. 
Raman spectroscopy 
The Raman spectra were performed at room-temperature with a Lab Ram ARAMIS 
(Horiba JobinYvon) Micro-Raman spectrometer which is equipped with a laser 
working at 785 nm and less than 20 mW. The use of a 50× objective (Olympus) with a 
numerical aperture of 0.75 provides a focus spot of about 1.3 μm in diameter when 
closing the confocal hole to 200 μm. Raman spectra were collected in the range of 80 
cm−1 to 1000 cm−1 with a spectral resolution of approximately 1.0 cm−1 using a grating 
of 1800 grooves per mm and a thermoelectrically-cooled CCD detector (Synapse, 
1024 × 256 pixels). 
In Situ DRIFTS Measurements 
In situ Infrared (IR) spectroscopy measurements were conducted in 
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diffuse-reflectance geometry (DRIFTs) with a Varian-670FT-IR spectrometer 
equipped with a liquid nitrogen cooled MCT detector. The IR-cell and reaction 
chamber, respectively, are connected to an external liquid nitrogen cooling system, 
which allows the cooling of the IR-cell to about -150 °C (Harrick Scientific Products). 
In a typical experiment, the as prepared npAu disk catalysts (5 mm in diameter) was 
placed on a temperature-controlled sample holder in the IR-cell. Prior to experiments 
the sample was in situ heated in He at 300°C for 90 min, in order to remove the 
residual groups from the precursor and to obtain the metal oxides. After flushing in He 
for 60 min and cooling to room temperature, the first spectrum was recorded and used 
as a background reference for all subsequent experiments with this particular catalyst. 
All spectra shown were recorded with a resolution of 4 cm−1 in absorption mode. After 
exposure to a certain gas mixture the samples were kept at stagnant temperature for 15 
min to achieve equilibrium conditions before collecting the spectrum. For pure 
CH3OH DRIFTS, the CH3OH was introduced by passing He through a bubbler (20°C), 
filled with CH3OH at a total flow of 30 mL/min. For CH3OH and H2O mixed gases, a 
gas mixture of methanol and water (CH3OH 10 mol%) was generated by flowing pure 
helium at 20°C through a bubbler filled with methanol and water, resulting in a molar 
ratio of 1:1.5 at a total flow of 30 mL/min in SRM. 
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